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CHEMICAL PARTITIONING AGENTS AND 
METHODS OF USING SAME 

This application claims the bene?t of Provisional Appli 
cation No. 60/119,404, ?led Feb. 10, 1999. 

FIELD OF THE INVENTION 

The present invention relates generally to agents useful in 
partitioning and/or puri?cation of reactants, intermediate 
products, and ?nal products from a phase as Well as methods 
of using partitioning agents to selectively separate active 
agents (either reactant or product) from a phase. The present 
invention may also be described as being directed to chemi 
cal product isolation, separation, phase transfer, and/or puri 
?cation as Well as agents or compounds useful therefor. 

BACKGROUND OF THE INVENTION 

An important part of any synthesis or natural product 
isolation procedure is the separation of a desired compound 
from contaminants. This step is often the most labor 
intensive, energy demanding, environmentally abusing, and 
expensive part of a chemical synthesis or chemical manipu 
lation. Contaminants may include solvents, reaction 
byproducts, catalysts, reagents, and any other material not 
required for, or undesirable in, further uses of the product. 
Both ?ne chemical synthesis and larger scale chemical 
production involve at least tWo essential activities— 
chemical reaction to create the product, and separation (most 
often for puri?cation purposes) of the product by removing 
contaminants. 

Separations generally rely on phase changes or phase 
transfers. Distillation, sublimation, solvent evaporation, 
chromatography, acid-base extraction, solid-solid and solid 
liquid extraction, and recrystalliZation are examples of tra 
ditional means of product isolation. 
A more recent and currently popular approach to product 

isolation is based on solid-phase synthetic principles. 
Generally, solid phase synthesis involves attaching a reac 
tant to an insoluble substrate and alloWing reagents to react 
With the reactant at the surface of the solid. Often beads 
composed of polymers are used for this process. This 
method alloWs the use of large excesses of reagents and 
catalysts because product separation is achieved by ?ltration 
or Washing of the solid support. High chemical conversion 
can be achieved When excesses of reagents are used. 
HoWever, solid phase synthesis does not have universal 
applicability. One disadvantage of solid phase synthesis is 
that reactions at the solid-liquid interface are not alWays 
readily controlled. Additionally, not all chemical reactions 
are compatible With this method, and since solid phase 
separation is substantially heterogeneous, the use of solid 
phase synthesis runs contrary to a more preferred homog 
enous reaction mixture. 

Homogeneous reaction mixtures are desirable because 
reaction conditions can be reliably controlled. A primary 
disadvantage of homogeneous reactions, and one that solid 
phase synthesis attempts to avoid, is that contaminants are in 
the same phase and intimately mingled With desired prod 
ucts or intermediate materials. Products, Whether they be 
?nal or intermediate stage products, have traditionally been 
precipitated by removing solvent or by changing solvent, 
and by covalent or ionic modi?cations of the product 
through addition of more chemicals (for example, acids, 
bases, or metals). Changes in solubility caused by salt 
formation or protonation or deprotonation can support 
liquid-liquid extraction approaches to product separation. 
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2 
Yield, feasibility, and practicality of nearly every reaction 

is limited by the ability to separate and recover pure product 
from the reaction mixture. Thus, synthesis and separation 
are inseparable. Advances in the ?eld of separation have 
enabled modern synthetic chemists to contemplate and then 
synthesiZe molecules of remarkable complexity. At the same 
time, the poWer of modern separations has instilled a certain 
degree of complacency. On the process-chemistry front, one 
is expected not only to synthesiZe the desired compound, but 
to synthesiZe it cheaply, ef?ciently, and safely. Furthermore, 
the advent of combinatorial chemistry has resulted in an 
expectation that everything can be synthesiZed quickly. 
Synthetic chemists have begun to formulate strategic plans 
for separation at the beginning of a synthesis. In these plans 
separation dictates synthesis and molecules in the ?nal 
reaction mixture are designed to virtually separate them 
selves When processed in a puri?cation stage. These plans 
rely on relatively simple Workup techniques such as 
evaporation, extraction, and ?ltration. 

Four phases are commonly used in standard laboratory 
separation methods: a gas phase, a solid phase, and tWo 
liquid phases—organic and aqueous. A third liquid phase 
knoWn as a “?uorous” phase has recently found applicability 
in organic synthesis. Among the phase separation 
techniques, liquid-liquid extractions play an important role 
in the puri?cation of organic compounds. These extractions 
are almost alWays conducted With an organic solvent and 
Water. Most frequently, they are used to separate organic 
compounds from inorganic compounds. A less frequent but 
still important application of organic-Water extractions is an 
acid-base extraction. Yet another common technique used 
for separation is chromatography. Chromatographic meth 
ods of puri?cation are immensely important, yet they are 
also expensive and time consuming. A recent revieW of 
issues and approaches to product isolation and extraction is 
provided in “Strategy-Level Separations in Organic Synthe 
sis: From Planning to Practice,” D. P. Curran, AngeWandte 
Chemie Int’l Ed. Engl., 1998, v 37, 1174, Which is hereby 
incorporated by reference thereto in its entirety. 

SUMMARY OF THE INVENTION 

The present invention is directed to a separation technique 
and agents useful therefor. As Will be described more fully 
herein, the present invention alloWs for selective isomeriZa 
tion of a chemical moiety removably attached to a product 
or intermediate for selective separation of product or the 
intermediate by phase change or transfer. 

Speci?cally, compounds described herein comprise a 
reactant isomer functionaliZed for attachment to a reactant 
molecule, the reactant isomer capable of being isomeriZed 
into a separating isomer, the separating isomer having a 
different solubility than the reactant isomer. The compound 
or compounds generally are of the folloWing formula 

R11 R12 

Wherein R11 and R12 are each independently the same or 

different, a hydrogen, a halide, OR, OH, OOH, OOR1, SR1, 
CN, NC, NR1R, a linear or branched alky group, an aryl 
group, a phenyl group, a substituted aryl, a substituted 
phenyl group, or other common functional group. 
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Another embodiment of the present invention is a com 
pound of the following formula 

Wherein L is a linking group, the linking group being 
capable. of isomeriZation and R1, R2, R3, R4, R5, R6, R7, 
R8, R9, and R10 are, each independently, the same or 

different, a halide, OR, OH, OOH, OOR1, SR1, CN, NC, 
NR1R, a linear or branched alky group, an aryl group, a 
phenyl group, a substituted aryl, a substituted phenyl group, 
or other common functional group. Further, it is preferable 
that the reactant isomer be a cis-alkene and the separating 
isomer be a trans alkene. The separating isomer may also be 
a geometrical isomer, a stereoisomer and/or a structural 
isomer. 

Amethod of separating a desired product from a reaction 
miXture is also disclosed Wherein the method is comprised 
of covalently linking a separating agent to a reactant 
molecule, reacting the so formed reactant molecule to form 
a product With the separating agent being attached to the 
product, isomeriZing the separating agent to thereby form a 
separable form of the product, and separating the product 
from the reaction mixture. The method further includes the 
step of cleaving the separating agent from the product to 
thereby form a puri?ed product. IsomeriZation may occur 
through geometrical isomeriZation, stereoisomeriZation, 
and/or structural isomeriZation. Preferably, in this 
embodiment, the modi?ed reactant molecule may be select 
ably transferred from one phase (e.g., hydrophobic) to 
another (e.g., hydrophilic) by isomeriZation. 

The phase partitioning agent may also be of the general 
formula: 

Wherein L is a linking group, the linking group being capable 
of isomeriZation and R1, R2, R3, R4, R5, R6, R7, R8, R9, 
and R10 are, each independently, the same of different, a 
halide, OR, OH, OOH, OOR1, SR1, CN, NC, NR1R, a 
linear or branched alky group, an aryl group, a phenyl group, 
a substituted aryl, a substituted phenyl group, or other 
common functional group. Some useful phase partitioning 
agents are represented beloW: 

a) 

OH 
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-continued 

HO 

HO 

OH 
b) 

c) 

d) 

e) 
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-continued 
g) 

HO 

Another aspect of the present invention is a method of 
partitioning a reactant from a phase comprising isomeriZing 
a precipiton covalently linked to the reactant. The step of 
isomeriZing the precipiton may include adding a chemical 
isomeriZing agent and in a preferred embodiment irradiating 
the precipiton. In addition the reactant may have a plurality 
of precipitons attached to the reactant With each of the 
plurality of precipitons individually and selectively isomer 
iZable. 

The term “reagent” as used herein refers to a chemical 
entity that is required for a reaction but contributes either an 
invariant piece or no piece to the products of a synthesis. As 
used herein, the term “reagent” includes a catalyst or any 
agent that is necessary to the chemical reaction but is itself 
substantially unchanged during the chemical reaction, 
Whether or not it is used in substoichiometric quantities. 

The term “reactant” as used herein in connection With 
synthesis refers generally to a type of molecule that con 
tributes a variable piece to the products of a synthesis. The 
distinction betWeen the terms “reactant” and “reagent” in 
“common” (non-combinatorial) organic syntheses is vague, 
but those skilled in the art often refer to a reaction compo 
nent as a reagent if it contributes no piece, a rather small 
piece, or a piece Without carbon atoms therein to the target 
product. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic illustration of a typical reaction 
scheme utiliZing a precipiton of the present invention. 

FIG. 2 is a schematic illustration of a reaction scheme 
Wherein the precipiton is regenerated for further use. 

FIG. 3 is a schematic illustration of a more complicated 
reaction involving a precipiton. 

FIG. 4 is a schematic illustration of a biphasic reaction 
condition utiliZing a precipiton of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The present invention provides a novel approach to 
chemical product isolation and puri?cation. Based on dif 
ferent solubilities betWeen pairs or groups of isomers (e.g., 
geometrical, stereo, or structural isomers) can have very 
different solubilities. 

In the present invention, a chemical moiety is preferably 
introduced into a synthesis via linkage to any component of 
a chemical reaction, preferably a reactant such as a starting 
material or intermediate product. For convenience this 
chemical moiety is referred to herein as a “precipiton.” The 
term “precipiton” as used herein means any group of atoms 
(molecule or molecular fragment) that is purposefully added 
to a reactant molecule in order to facilitate phase transfer, 
separation or isolation of the intermediate or ?nal product. 
The term “precipiton” is used herein because the separation 
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6 
or isolation is usually precipitation based isolation. 
HoWever, the term “precipiton” is by no means to be 
construed in such a limited sense. The precipitons of the 
present invention preferably include an agent, Which When 
isomeriZed, causes or initiates a phase transfer. This phase 
transfer characteristic preferably alloWs phase transfer of the 
molecule to Which it is attached (conjugate system). The 
phase transfer is due to variable solubilities of respective 
groups of isomers. The present invention is preferably 
directed to precipitons that are designed to be soluble under 
the conditions of the reaction and to become insoluble after 
isomeriZation. StereoisomeriZation is the preferred isomer 
iZation technique because no atoms are added or removed 
from the precipiton. 
One advantage of the present invention is the minimiZa 

tion of the need for chromatography, distillation, extraction, 
or other traditional means of product isolation are minimiZed 
and often eliminated. Another advantage of the present 
invention is that an excess of reagents (to assure complete 
reaction progress) can be used in a reaction system With a 
minimal Work-up comprised of the reaction mixture to a 
phase transfer initiator mechanism, for example, light (e.g., 
ultraviolet radiation) or a simple reagent, to induce precipi 
tation of only the target molecule (e.g., depending on the 
stage of the Work-up a reactant-precipiton complex). As Will 
be further detailed herein, the use of the precipitons and/or 
the methods of the present invention in reactions and other 
bimolecular processes have resulted in products being iso 
lated in greater than 95% purity—Without recourse to 
extraction or chromatographic methods. This present inven 
tion is useful in small and medium scale chemical syntheses 
and in large volume chemical production. The methods 
described herein are easily automated and can be incorpo 
rated into modern robotic approaches to parallel synthesis. 
The most preferable phase transfer agents are isomeriZ 

able precipitons Which afford high solubility of the attached 
reactant, but yet have loW chemical reactivity. After 
isomeriZation, the precipiton preferably has a different, 
preferably very loW, solubility in the reaction solvent. This 
change in solubility may arise from changes in the inter 
precipiton attractive forces and/or changes in precipiton 
solvent interactions. For example, a change in geometry may 
lead to a change in dipole moment, causing aggregation of 
the more polar species that result from such isomeriZation. 
Also, changes in surface area of the precipiton may also 
affect inter-precipiton attraction, because a change in surface 
area in?uences both solute-solvent and solute-solute inter 
actions. IsomeriZation may also lead to exposure of hydro 
gen bonding groups and lead to alternative non-covalent 
association of precipitons. The present invention is not to be 
limited to these approaches or to the above-described 
changes in solubility. Any precipiton in Which geometrical 
change results in a change in phase partitioning is Within the 
scope of the present invention. IsomeriZation can be induced 
by light, by heat, or by added catalysts. The present inven 
tion also embodies a method of selective isomeriZation of 
the precipiton Which leads to a change in reactivity to 
promote salt formation or complexation to assist in phase 
separation. For example, the acidity or basicity of the 
reactants may be modi?ed by isomeriZation in such a Way as 
to improve phase separation and isolation of product. 

Although certain precipitons are speci?cally described 
herein for illustrative purposes, general guidelines can be 
established to optimiZe precipiton design. Solubility of a 
solid depends on the activity coef?cient of the solute in the 
solvent and the activity of the solute in the solid state. TWo 
references that generally encompass this ?eld are: (1) 
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Hildebrand, J. H.; Scott, R. L. “Regular Solutions”, 
Prentice-Hal, EngleWood Cliffs, N.J., 1962; and (2) Grant, 
D. J. W.; Higuchi, T. “Solubility Behavior of Organic 
Compounds”, John Wiley and Sons, NeW York, NY, 1990. 
Both of these references are hereby incorporated by refer 
ence thereto in their entirety. 

The solubility of a solid can be related to activity in the 
solid and the activity coef?cient in the solution as folloWs: 

Here solubility (S) is expressed as mole fraction present 
in the saturated solution, a is activity in the solid, and g is the 
activity coef?cient in the solution. Apreferred precipiton in 
its higher solubility form relies on isomeriZation to induce a 
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8 
A change leading to a polar more symmetrical form With 
larger surface area is favorable. It Would also be favorable to 
rely on speci?c interactions. H-bonds could be intramolecu 
lar but be broken on activation. This, too, greatly decreases 
a. 

Some general guidelines in choosing appropriate precipi 
tons folloW. If the soluble form of the precipiton is polar 
and/or polariZable, a change leading to loW polarity/ 
polariZability Would generally reduce solubility. Therefore a 
charged asymmetric molecule should become uncharged 
and symmetric. HoWever, this Will also increase activity in 
solid, in opposition to the desired effect. Amolecule that has 
capacity for intramolecular H-bonding may be considered 
non-polar. The soluble form Would be unable to intramo 

change that Will decrease a and increase g, and thereby 15 . . . 
convert the precipiton to a loWer solubility form and favor lecularly H'botldj O_n actlvatbm It would fold and become 
precipitation. In cases of phase separation, useful changes in non'polar’ dlmlmshmg SolublhtY- If the Solvent 1,5 nonpolar’ 
solubility may be in either direction, increasing or decreas- a Change to a polanzabte envlronment 1S deslrable' The 
ing Solubility in the medium (phase) or Origin‘ Speci?c soluble form of the prec1p1ton may be polar or nonpolar. The 
applications Will de?ne the desired or expected concentra- 20 H‘bond effect 1.5 useful’ The dlpole moment effect 15 useful' 
tion of the Soluble form and will provide a guide to the If the solvent is polar, change of the prec1p1ton should'be 
magnitude of the Change that is needed from polar to nonpolar, e.g., from eXtramolecular speci?c 

To precipitate a solute, it is necessary to diminish S. mteractlons to H_1tram(_)1eCu1e mtefactlon 
Therefore changes that decrease activity in the solid (in The ehahges 1h a glyeh preelpltbh are Preferably Caused 
other Words, make it less ideal through increasing intermo- 25 by lsbthenzatlbh of the Pree1P1tbh~ tsbthenzatlbh 1S Prefer‘ 
lecular interactions) or changes that increase the activity ably _reyer51b1e ahd elther Sbhlble lhsbhlble fbhhs may be 
coef?cient in solution (make it more ideal, decreasing solute dbthlhaht depehdlhg 0h the ebhdltlbhs used for lsbthenza' 
solvent interactions) Will lead to precipitation. t1bh~ Mahy Phbtbehrbthle systeme bah be s‘yltehed from bhe 

Larger accessible surface areas, higher symmetry (Which lsbthene form to hhbther by hght- Appheatlbh of such 
affects packing density), tighter packing in the solid, and 30 thbleeules t0 Solublhty ebhtrbl epphed t0 ehethleal syhthesls 
speci?c intermolecular interactions in the solid (H-bonding, 1S Wlthbht P_reeedeht~ Whether hght> heat, and/or a Catalyst 15 
Keesom and Debye forces) favor precipitation. Crystalline Prefehred Wlh depehd Oh the appheatlbh Geherfh enteha tor 
solids may have loWer activity and might therefore be _Seteet1bh among these theahs 0h 1hdhe_1hg_1S0IhehZ_at1bh 
preferred on this basis, but amorphous solids have the lhehlde the heed tbr low cost, shhphelty 1h the tngger, 
advantage of greater rates of resolubiliZation. Therefore both 35 reVerS1b1_hty> rehab1hty> ahd ebthhatlblhty Wlth a Wlde rahge 
crystalline and amorphous precipitons may ?nd important of hlhetlbhal grbhps- The Preelpltbh Ihlght be of ahy S1Ze> 
uses_ even polymeric macromolecules could be used. 

The soluble form Will usually be nonpolar, therefore Anumber of potential precipitons Were analyZed for their 
relatively facile conversion or change to a polar form is very isomeriZation potential. The Z-E chemical isomeriZation of 
useful. It Will decrease a and have little effect on g. Change typical stilbenes Were analyZed as folloWs, With the reaction 
to a polariZable form Will have less effect, but may be useful. conditions being modi?ed as indicated. 

PhZSZ (0.2 equiv), 
Z-stilbene reacnon Condmons E-stilbene 

reaction conditions (Z:E); 
Z-stilbene E-stilbene yield (E-stilbene) 

MeZN Br MeZN THF, 90° C., 7 h 
(1:5.7); 44% 

51Z 

Br 

51E 

51Z 51E toluene, 1300 C., 3 h 
(only E-stilbene); — 

51Z 51E p-dioXane, 1200 C., 2.5 h 
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PhZSZ (0.2 equiv), 
_ reaction conditions 

Z-stilbene 

Z-stilbene E-stilbene 

E-stilbene 

reaction conditions (Z:E); 
yield (E-stilbene) 

O O Me 
(only E-stilbene); — 
11 h (1:19); 79% 

OMe 

Isomerization 

When a solution of (Z)-stilbene (51Z or 52Z) in THF Was 
heated to re?ux at 80—90° C. in the presence of Ph2S2 (0.2 
equiv) for several hours, the Z to E isomerization occurred 
smoothly. The reaction Was followed by 1H NMR (either 
vinylic protons or NMe2 (51Z), OMe (52Z)). As the reaction 
proceeded, solid precipitate came out of the solution. 
Because the (E)-isomers (51E and 52E) are partially soluble 
in THF, THF solvent Was evaporated and the resulting 
residue Was triturated With EtZO. The E-isomer Was obtained 
pure in a 44% (51E) and 79% (52E) yield, respectively 
Without any contamination of either Z-isomer or Ph2S2. The 
relatively loWer yield for 51E is due to the loWer Z to E 
conversion and also to the bigger solubility of 51E in Et2O 
than 52E in Et2O (Table 26 and 27). In high-boiling solvents 
such as toluene and p-dioxane, the isomerization Was faster 
than in THF and the reaction Was completed in less than 3 
h (Table 32). A second catalytic method for isomerization/ 
precipitation employs iodine and a radical initiator, for 
example dibenzoylperoxide. Irradiation of the cis-alkenes in 
the presence of 1—50 mol % iodine and 0.1—25 mol % 
dibenzoylperoxide affords clean isomerization of the cis to 
trans alkene. 

FIG. 1 illustrates a simple reaction scheme utilizing a 
precipiton. The soluble form 21a of a precipiton is shoWn as 
being in the same phase as reactant 23. Reactant 23 Which 
is a starting material that bears three functional groups—an 
alkene, a hydroxyl group, and a reactive group generalized 
as “X.” As illustrated, the OH or hydroxy group is used as 
an attaching group to precipiton 21a, hoWever, any suitable 
functional group Would suf?ce as an attachment site. The 
reactant 23 is attached to the separating agent (precipiton) 
21a through their OH groups (as, for example, may occur in 
ether or ester formation). The conjugate of these tWo moi 
eties is molecule 25. Molecule 25 may be referred to herein 
as a reactant-precipiton complex or conjugate or a reactant 
molecule having a separating agent attached thereto. Reac 
tive group “X” is transformed to “Z” by Reaction 1. The 
product of this transformation is intermediate-precipiton 
complex 27. Treatment of intermediate-precipiton complex 
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27 With a catalyst or With light causes isomerization of the 
separation agent portion of the intermediate-precipiton com 
plex 27 and results in separation of the product-precipiton 
conjugate 29 due to a reduced solubility or a change in phase 
af?nity. The separated product-precipiton complex 29 con 
tains the transformed moiety 21b Which can be cleaved from 
the precipiton to afford pure product (not shoWn). 

FIG. 2 illustrates another aspect of the present invention 
Wherein the precipitons may be recycled. FIG. 2 demon 
strates hoW Waste products are separated by ?ltration from 
the solid reaction product. The isolated precipitate 31 can be 
separated from Waste products by ?ltration. The precipitated 
product-precipiton complex 29 can be Worked up so that the 
separation agent can be isolated (in this case the trans-form 
21b of the precipiton) to afford pure product 31 and the 
insoluble form of precipiton 21b. This insoluble form of 
precipiton 21 can be rendered soluble by reversing the 
isomerization to create a more soluble form of the precipiton 
21a Which may be used again in a reaction. 

FIG. 3 illustrates another aspect of the present invention 
Wherein the precipiton concept is used in a multi-step 
process. The ?rst reaction is carried out on a reactant 23 
Which is attached to the soluble form 21a of precipiton 
resulting in an intermediate-precipiton complex 27. 
Intermediate-precipiton complex 27 is then the reactant for 
reaction 1 Wherein the “X” functional group is transformed 
to a “Z” functional group. This second intermediate 
precipiton complex 27a is isomerized resulting in an 
insoluble intermediate product-precipiton complex 29a. 
Product-precipiton complex 29a is dissolved in a second 
solvent and the precipiton portion of 29a is isomerized back 
into the soluble form of the precipiton and this resolubilized 
puri?ed form of intermediate-precipiton complex 27a is 
utilized in reaction 2. Intermediate-precipiton complex 27a 
is transformed via reaction by addition of the functional 
group “W” to the alkene of intermediate-precipiton complex 
27a resulting in a second intermediate-precipiton complex 
27b Which is soluble in the reaction phase. The soluble form 
of the second intermediate-precipiton complex 27b is 
isomerized to precipitate a second product-precipiton com 
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plex 29b. This second product-precipiton complex 29b is 
then issolved in a second solvent and the precipiton portion 
of product-precipiton complex 29b is cleaved resulting in 
product 31 Which is easily isolatable from the precipiton 
(either in the form of soluble precipiton 21a or insoluble 5 
precipiton 21b). The reaction process shoWn in FIG. 3 
illustrates the utility of the present invention in a multi-step 
process Whereby the many of the complicated separation or 
isolation techniques are eliminated due to the selectable 
control (e.g., through photoismeriZation) of the precipiton 
attached to the reactant. 

As it turns out, stilbenes appear to be particularly suitable 
candidate molecules for a precipiton, primarily because of 
tWo very attractive properties: facile Z-E isomeriZation and 

10 

an intrinsic loW solubility of E-isomer. The general features 15 
of the reaction scheme are shoWn beloW. 

OH X Y 

attachment 
—> 20 

A 

Y 

reaction 25 
—> 

Z 30 

isomerization; 
filtration 
4> 

C 35 

Z 

cleavage 
—> 

40 

55 
: (Z)-stilb ene precipiton 

This example and speci?c precipitons or methods or 
reactions provided herein are meant to further describe the 
present invention, but are not intended in any Way to restrict 
its scope. 

The photoisomeriZation reaction is preferably executed 
by irradiation With the use of ultraviolet light generated from 
UV emission equipment knoWn to those skilled in the art. 
The material subject to irradiation can be in the form of 
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solution, melt, or solid. Solvent can be employed, and the 
solvent Will generally be one or more organic solvents. 
There are no particular limitations to the solvent provided 
that neither photoisomeriZation nor the practice of the inven 
tion are impaired. Suitable solvents for the photoisomeriZa 
tion include hydrocarbons, including aromatic and acyclic 
hydrocarbons. Examples include the aromatic hydrocarbons 
toluene and xylene. Halogenated hydrocarbons can be used 
and examples include halobenZenes such as chlorobenZene. 
Ethers can be used such as, for example, dioxane and 
tetrahydrofuran. Alcohols can be used, and examples include 
alkanols such as the loWer-alkanols exempli?ed by 
methanol, ethanol, propanol, butanol, pentanol, and hexanol. 
Ketones can be used including, for example, methyl isobutyl 
ketone, methyl ethyl ketone, acetone, cyclopentanone, and 
cyclohexanone. Aprotic polar solvents can be used such as, 
for example, dimethylsulfoxide, dimethylacetamide, 
dimethyformamide, and N-methylpyrolidone. Glycols can 
be used such as, for example, ethylene glycol, propylene 
glycol, diethylene glycol, dipropylene glycol, ethylene gly 
col monomethyl ether, and propylene glycol monomethyl 
ether. Acidic solvents can be used such as, for example, 
loWer alkyl carbonic acids including acetic acid, chloroace 
tic acid, and butyric acid. The above solvents can be used 
singly or in a combination. 

Suitable irradiation equipment for the photoisomeriZation 
reaction is knoWn to those skilled in the art and includes a 
loW-pressure mercury lamp, a high-pressure mercury lamp, 
a Xenon lamp and lasers such as an excimer laser. The 
ef?ciency of the absorption band of the compound and the 
Wave length of emission lines of the light source may be 
chosen based on criteria commonly knoWn to those skilled 
in the art. It is therefore preferable to select the light source 
by matching its UV emission to the Wavelength range of the 
absorption band in ultra-violet and visible regions of the 
trans-isomer. In general, the region of the Wavelength of the 
emission lines to be utiliZed is betWeen about 200 nm and 
about 800 nm, more preferably betWeen about 250 and about 
550 nm, even more preferably 300—400 nm, and even more 
preferably about 350 nm. The photoisomeriZation can be 
used to change the solubility of the irradiated compound. 
That is, isomeriZation may be used to change the solubility 
of a compound from soluble to less soluble and vice versa 
from less soluble to more soluble. Recovered isomeriZed 
precipiton may be recycled. Several chemical and photo 
chemical methods are available for transforming E-alkenes 
to Z-alkenes and Z-alkenes to E-alkenes. These methods, 
When applied to the recovered material, Would provide the 
soluble precipiton form for reuse. Some isomeriZable pre 
cipitons can be readily changed from one form to another 
through irradiation With ultraviolet or visible light. This 
photon driven sWitching of solubility in fact is a preferred 
embodiment of the invention. 

Volatile and non-volatile products, and targets that (after 
cleavage from the precipiton) are liquids, solids, or gases 
may be prepared by this method. An advantage of the 
present invention is that the products are isolated in good 
yield often Without resorting to liquid-liquid extraction, 
chromatography, distillation or recrystalliZation. Yield of the 
reactions described here are similar to that obtained using 
traditional methods, but costs of production as measured by 
time and materials can be signi?cantly reduced. 

In traditional protecting group technologies, no one agent 
is universally useful for all reactions. In this regard, utili 
Zation of the present invention Will likely require a family of 
isomeriZable precipitons. The members of this family may 
differ in chemical reactivity, mechanism of isomeriZation, 
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and solvent compatibility. Precipitons for aqueous media 
can be based on the same principles outlined in this 
invention, and no limitation to solvent is intended or fore 
seen. Finally, the change in solubility induced by isomer 
iZation of a precipiton Will obviously lead to changes in 
partition coef?cient in liquid-liquid extraction, and Will be 
relevant to other phase separation-based methods of puri? 
cation. These changes in Wettability and solvent affinity 
induced by isomeriZation may also ?nd application in lithog 
raphy or other technological domains. Several such exten 
sions of the present invention should be obvious to those 
skilled in chemical and molecular science. 

FIG. 4 illustrates in a three-dimensional manner a multi 
stage process like that shoWn in FIG. 3, but With even further 
potential elimination of physical separation steps (e.g., ?l 
tration may be avoided using tWo liquid phases to proceed 
With the reaction). As shoWn in FIG. 4, reactant 23 is 
functionaliZed by attachment of soluble form of precipiton 
21a resulting in a reactant-precipiton complex or conjugate 
25. This reactant-precipiton complex 25 is processed in 
solventAthrough reaction 1 Where the “X” functional group 
is replaced by functional group “Z”. If there are contami 
nants in solvent Athe intermediate-precipiton 27a is isomer 
iZed to shift the intermediate-precipiton complex out of 
solvent A in the form of an insoluble product-precipiton 
complex 29a. Insoluble product-precipiton complex 29a can 
be dissolved in a second solvent Which may exist side-by 
side in a tWo-phase system as shoWn in FIG. 3 or by liquid 
extraction. Solvent B is used as a solvent for isomeriZation 
of product-precipiton complex 29a Which results in trans 
formation back to the ?rst intermediate-precipiton complex 
27a. The value in this step is that any contaminants located 
in solvent A can be removed While the product-precipiton 
complex 29a is in solvent B. Essentially the product 
precipiton complex 29a is isomeriZed back to the cis form 
resulting in intermediate-precipiton complex 27a Which is 
utiliZed for reaction 2 Wherein there is an alkene substitution 
of W on the alkene-functionaliZed portion of intermediate 
precipiton complex 27a. Again, by selective manipulation of 
the precipiton portion of this intermediate-precipiton com 
plex 27b, a second product-precipiton complex 29b Which 
has a precipiton portion and includes the Z functional group 
as Well as the W functional group can be isolated from 
solvent A. If the solvents exist side-by-side in a multi-phase 
system, phase shift or transfer can be used rather than 
collecting by ?ltration second product-precipiton complex 
29b. In other Words, product-precipiton complex 29b can be 
directly dissolved into solvent B. Second product-precipiton 
complex 29b can then be dissolved in solvent B and the 
precipiton portion of the product-precipiton complex 29b 
can be cleaved in solvent B resulting in the trans form of the 
precipiton being isolated in solvent B and the desired end 
product 31 being isolated in solvent A. 

As brie?y mentioned above, stilbenes appear to be par 
ticularly Well suited as precipitons for purposes of the 
present invention. As Will be described in greater detail 
beloW, a number of stilbenes Were synthesiZed and tested for 
their suitability. 

Napthylstilbenes (Scheme 1) 

(2-Naphthalenylmethyl)triphenylphosphonium bromide 
((a) Tinnemans, A. H. A.; Laarhoven, W. H. J. Chem. Soc. 
Perkin. Trans. 2, 1976, 1104—1111. (b) Zelikovich, L.; 
Hoffman, R. E.; Ayalon, A.; RabinovitZ, M. J. Chem. Soc. 
Perkin. Trans. 2, 1992, 1785—1792) Was treated With NaH in 
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DMF to generate a corresponding ylide. A solution of 
4-methoxy-1-naphthaldehyde in DMF Was added and stirred 
at 35—50° C. for 2 h at to give 1,2-naphthylstilbene 53 in 
51% yield (53Z:53E=1:1.2). 6-Methoxy-2-naphthaldehyde 
((a) Harvey, R. G.; CorteZ, C.; SaWyer, T. W.; DiGiovanni, 
J.; J. Med. Chem. 1988, 31, 1308—1312. (b) Harvey, R. G.; 
CorteZ, C. Tetrahedron, 1997, 53, 7101—7118) Was prepared 
by formylation (Beringer, F. M.; Nathan, R. A. J. Org. Chem. 
1969, 34, 685—689) of 6-methoxy-2-bromonaphthalene in 
53% yield. When (2-naphthalenylmethyl) 
triphenylphosphonium bromide Was reacted With 
6-methoxy-2-naphthaldehyde in a similar manner as 1,2 
naphthylstilbene, (Z)-2,2-naphthylstilbene 54Z Was pre 
pared in 39% isolated yield. Rf0.44 (Hexanes/EtOAc 9/1); 
mp 140—142° C.; IR (KBr) 2997, 1624, 1600, 1501, 1481, 
1389, 1269, 1248, 1032 cm_1; 1H NMR (300 MHZ, CDCl3) 
67.79—7.34 (m, 11 H), 7.12—7.09 (m, 2 H), 6.8 (s, 2 H), 3.92 
(s, 3 H); 13C NMR (75 MHZ, CDCl3) 6157.78, 135.04, 
133.75, 133.44, 132.55, 130.58, 129.73, 129.48, 128.82, 
128.01, 127.93, 127.59, 127.46, 126.99, 126.33, 125.98, 
125.84, 118.80, 105.65, 55.26; HRMS calcd for C23H18O 
310.1358, found 310.1361. There Was also obtained a very 
insoluble solid, Which is thought to be (E)-2,2-isomer 54E, 
but Was not fully characteriZed because of its poor solubility. 

SchemeZ 

TBS protected stilbenes 

NaH, DMF, 
30° C., 0.5 h; 

P+Ph3Br' 
35 to 50° C., 2 h 

CHO 

OMe 

O OMe 

53, 51% (cis:trans : 1:1.2) 

n-BuLi, Et2O—tol, 
23° c., 0.5 h; 
—> 

DMF, 0.5 h 
53% 

NaH, DMF, 
24° c., 2 h 

54, 39% 

Br 

OMe 

OHC 

TBS-protected 2,2-naphthylstilbene TBS-protected naph 
thaldehyde 55 Was prepared from 6-bromo-2-naphthol by 
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TBS protection (Wallimann, P.; Mattei, S.; Seiler, P.; 
Diederich, F. Helv. Chim. Acta. 1997, 80, 2368—2390) 
followed by formylation using DMF as a formylating 
reagent in 81% overall yield over 2 steps. The Wittig 
reaction of (2-naphthalenylmethyl)-triphenylphosphonium 
bromide With naphthaldehyde 55 using KHMDS base gave 
2,2-naphthylstilbene 56 in 81% yield (56Z:56E=1:7.1). 

Schemej 

Phenolic stilbenes 

Br 

OH 

OHC, : : 
OTBS 

55 

1. TBS-Cl, imidazole, 
DMF, 40° c., 2 h 

2. t-BuLi; DMF, 
—78 to 230 C., 10 min 
81% (2 steps) 

KHMDS, THF, 
25° c., 1 h; 

55, 25° c., 3 h 

OTBS 

56, 81% (2.15 = 1.7.1) 

Phenolic stilbene 57Z Was obtained via a route employing 
a TBS-protecting group (Scheme 3). TBS-protected ben 
Zylic bromide 58 (Giral, L.; Montginoul, C.; Schue, R. S. et 
F. Bull. Soc. Chim. Belg. 1990, 99, 147—166) Was prepared 
in 2 steps by TBS protection (Stern, A. J .; SWenton, J. S. J. 
Org. Chem. 1989, 54, 2953—2958) and NBS bromination. 
Phosphonium bromide 59 (Giral, L.; Montginoul, C.; Schue, 
R. S. et F. Bull. Soc. Chim. Belg. 1990, 99, 147—166) Was 
prepared by tWo different methods: In one method, a neat 
mixture of benZylic bromide 58 and PPh3 Was heated to melt 
With a heat gun for a feW minutes to complete the reaction. 
(Stern, A. J.; SWenton, J. S. J. Org. Chem. 1989, 54, 
2953—2958.) The second method Was heating up the reaction 
miXture of benZylic bromide 58 and PPh3 at 80~90° C. in 
THF over 6 hours. 

CH3 Br 
PPh3, heat to 

1. TBDMS-Cl, imidazole, melt, or reflux 
DMF, 40° C., 2 h in THF 
—> —> 

2. NBS, AlBN, sun lamp, 89% 
CCl4, reflux, 30 min 
56% (2 steps) 

OH OTBS 

58 

KHMDS (1.1 equiv), 
THF, -7s° c., 40 min; 
—> 

CHO 

OTBS Ph/ 

10 

20 

35 

40 

45 

16 
-continued 

0 OTBS 

6OZ (44%) 

0113s 

60E (11%) 

O OH 
Bu4NF (3 equiv), 

THF, 22° c., 40 min 
—> 

100% 

The Wittig reaction of 4-biphenylcarboXaldehyde With the 
phosphonium ylide generated from the phosphonium bro 
mide 59 by the deprotonation using KHMDS provided the 
TBS protected stilbene 60Z in 44% yield. Desilylation With 
tetra-n-butylammonium ?uoride (TBAF) (Corey, E. J .; 
VenkatesWarlu, A. J. Am. Chem. Soc. 1972, 94, 6190—6191) 
in THF afforded phenol 57Z in quantitative yield. Rf0.24 
(HeXanes/CHZCl2 1/1); mp 97—103° C.; IR (KBr) 3530, 
1608, 1508, 1485, 1255, 1171 cm_1; 1H NMR (300 MHZ, 
CDCl3) 67.61 (d, 2 H, J=7.3 HZ), 7.51—7.30 (m, 7 H), 7.21 
(d, 2 H, J=8.5 HZ), 6.72 (d, 2 H, J=8.5 HZ), 6.55 (AB q, 2 
H, J=12.6 HZ); 13C NMR (75 MHZ, CDCl3) 6154.55, 
140.64, 139.52, 136.46, 130.35, 129.81, 129.24, 128.74, 
128.41, 127.23, 126.84, 126.81, 115.11; HRMS calcd for 
C20H16O 272.1201, found 272.1201. 

Table 1 illustrates the observed UV spectra of stilbene 
compounds (56Z, 56E, 60Z, 60E). 
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TABLE 1 

Stilbenes Mnax (nm) e (crnilrnolilL) conc’n (rnM, THF) 

0 304 19,600 0.114 
OTBS 

332 47,500 0.0471 

01135 320 18,900 0.143 

339 40,300 0.0485 
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The E-stilbene isomer shows longer absorption rnaXirna 
()tmax) and stronger absorption coefficient (6) than the cor 
responding Z-isorner. 

The phenolic or naphtholic group can be functionaliZed 
by attaching an acryloyl group (see Scheme 4 below). 

0 OH 

57Z 

O O{ 
Q O O 

Schemeil 

NaH (2 equiv), THF; 
acryloyl chloride 

(1.5 equiv), 
0 to 22° C., 1 h 

68% 

TBAF (3 equiv), 
THF, 0 to 23° C., 

30 rnin; 
—> 

acryloyl chloride 
(1.5 equiv) 
23° C., 1 h 

73% 

or 
0600 

The biphenyl stilbene 57Z Was treated With NaH folloWed 
by acryloyl chloride to give stilbene 61Z in 68% yield. 
Naphthyl stilbene 62Z Was prepared in 73% yield by desi 
lylation folloWed by in-situ trapping of naphthoate anion 
With acryloyl chloride. 

Illustrative Reactions UtiliZing Precipitons 

i. Dipolar Additions 

The 1,3-dipolar cycloaddition of stilbene 62Z With t-butyl 
nitrile oXide Was carried out as seen in Scheme 5 beloW. 
t-Butyl chloro oXirne Was reacted With triethyl arnine to 
generate t-butyl nitrile oXide in Et2O solvent. A solution of 
stilbene 62Z in THF Was treated With a t-butyl nitrile oXide 
solution at 30—40° C. for 2 h to complete the reaction. 

10 

55 

65 

20 

Scheme5 

EtZO, 0° C., 15 rnin; 
N filter Et3N—HCl 

Et3N —> 

(2.2 equiv) 
Cl 

(2 equiv) 

O 
nitrile oxide 

0 O O sol’n added to the 

dipolarophile 
4> 

30° c., 1 h 

hv (350 nm), 
0 27° C., 1.5 h 

0 15% 

or, 
Ph2S2 (1 equiv), 

The chemical isorneriZation using Ph2S2 gave 65E With a 
reasonably good yield of 55—62%. 

ii. [4+2]-Diels-Alder Reaction 

The diene used in our Diels-Alder reaction Was cyclo 
pentadiene and the dienophiles use Were acrylate stilbenes 

(61Z and 62Z) (Scheme 6 and 7). 
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O cyclopentadiene, 
THF, 23° C., 41 h 

hv (350 nm), 
27° C., 1 h 

0 13% 
4P 

or, 
PhZSZ (1 equiv), 
THE, reflux, 10 h 

78% 

O 

66Z 

(not isolated, 160 ml\/[) 

The Diels-Alder reaction of acyl stilbene 61Z With 10 
equiv of cyclopentadiene in THF gave (Z)-norbonene prod 
uct 66Z. Beyond the desired products the a crude product 
mixture containing excess cyclopentadiene, cyclopentadiene 
byproducts, and other components of the reaction mixture 
such as solvent, unidenti?ed reaction byproducts, and other 
contaminants. The reaction Was followed by 1H nmr and the 
reaction Was usually completed in 2 days. The isomeriZation 
Was effected in the same manner as that for the [3+2] 
cycloaddition reaction. The photochemical isomeriZation 
With an UV light of 350 nm gave the (E)-norbonene product 

10 

25 

35 

45 

66E in a relatively loW 13% yield, Whereas the chemical 55 
isomeriZation employing Ph2S2 provided the (E)-norbonene 
product 66E in excellent 78% yield. The disul?de induces 
isomeriZation of the precipiton and product precipitation. 
Filtration and Washing of the precipitate provided product 
66E in 78% yield and greater than 95% purity. The Ester Was 
also treated With tert-butylnitrile oxide to afford, after 
isomeriZation and ?ltration, a cyclo adduct in 56% yield. 
The target moieties may be separated from the precipiton by 
dissolving the precipitate in a better solvent and cleaving the 
precipiton from the target. For example, norbene product 
can be treated in MeOH/K2CO3 to provide the methyl ester. 

65 

22 
Evaporation of solvent and Washing the residue With ether 
provide pure methyl ester (in solution) and recovered 
isomeriZed precipiton as a insoluble residue. 

In an analogous Way, Diels-Alder reaction of stilbene 62Z 
followed by isomeriZation With Ph2S2, afforded the product 
67E in an excellent 94% yield (see Scheme 7 beloW). 

: 2% cyclopentadiene, 
THF, 23° C., 24 h 

H 

W O 
67Z 

(not isolated; 200 mM) 

QR 
Ph2S2(1 equiv), 
THE, reflux, 8 h 

94% 

iii. 1,4-Michael Addition Reaction 

The Michael addition of thio-nucleophiles on the solid 
support has been carried out either to make small-compound 
libraries (Scheme 31) (Chen, C.; Randall, L. A. A.; Miller, 
R. B.; Jones, A. D.; Kurth, J. Am. Chem. Soc. 1994, 116, 
2661—2662) or to discover potent inhibitors of matrix met 
alloproteinases or phosphodiesterases (Burns, C. J.; 
Groneberg, R. D.; Salvino, J. M.; McHeehan, G.; Condon, S. 
M.; Morris, R.; Morrissette, M.; matheW, R.; Darnbrough, 
S.; NeuenschWander, K.; Scotese, A.; Djuric, S. W.; Ullrich, 
J.; Labaudiniere, R. AngeW. Chem. Int. Ed. Engl. 1998, 37, 
2848—2850). 

The trityl-ether connected polystyrene support (2% divi 
nyl benZene-stryrene copolymer) With Michael acceptor 
reacted With thiophenols to give Michael addition products. 
The products Were isolated by formic acid treatment. 
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The 1,4-Michael addition of thiophenols into acyl stil 
benes (61Z and 62Z) Was also performed (Schemes 8 and 9). 

Schemej 

O 

0 R2— C6H4SH W R1 —> 
NaOMe (cat.), 
THF, r.t., 2 d 

R2 

S O 

OM HCOZH 1 —> 

g R THF, r.t., 2 h 

R1 = Me, tBu, Ph 
R2 = H, Me, c1 

R2 

S O 

H OM 
\H/ R1 
O 

A solution of acyl stilbene 61Z in THF Was treated With 
either thiophenol or, 4-chlorothiophenol in the presence of 
catalytic amount of Et3N58 to give intermediate adducts 

10 

15 

20 

25 

30 

(68Z and 69Z). The intermediate (Z)-product then under- 35 
Went chemical isomeriZation With Ph2S2 to provide (E) 
product 68E With thiophnol and 69E With 
4-chlorothiophenol) in 83% and 76% isolated yield, respec 
tively. 

Q at 
GO 0 

O 016 
G O O 

68Z (ArSH : thiophenol) 
69Z (ArSH : 4-Cl thiophenol) 

(not isolated) 

ArSH (1.1 equiv), 
Et3N (0.2 equiv), 
THF, 23° c., 2 h 
— 

ArSH : thiophenol, 

or 4-Cl thiophenol) 

PhZSZ (1 equiv), 
THF, s0-90° c., 

7 h 

40 

55 

65 
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SAr 

68E (83%, ArSH : thiophenol) 
69E (76%, ArSH : 4-Cl thiophenol 

The Michael addition of thiophenol into acyl stilbene 62Z 
Was carried out in the same fashion With 61Z (Scheme 10). 
The chemical isomeriZation With Ph2S2 to provided (E) 
product (70E) in an excellent 93% yield. 
Isolation of the Products by Methanolysis 

The products can be, and in this case Were isolated by 
methanolysis of the precipiton-attached products (68E, 69E, 
and 70E) (Scheme 34). A suspension of starting materials 
(68E, 69E, and 70E) in CHCl3 Was treated With methanolic 
HCl (generated in-situ from acetyl chloride With methanol). 
Upon completion of the methanolysis, the volatiles Were 
evaporated. When the residue Was treated With EtZO, pre 
cipitons (57E or, 63E) Were precipitated and ?ltered off to 
give 57E (88—100%) or, 63E (82%), respectively. The super 
natant contains methyl ester products and evaporation of 
Et2O afforded methyl ester 71 (Shi, D.; Lu, Z.; Mu, L.; Dai, 
G. Synth. Commun. 1998, 28, 1073—1078) (100% from 68E, 
61% from 70E) or, 72 (100%), respectively. 

Schemem 

or. 
0090 

thiophenol 
(1.1 equiv), 

Et3N (0.2 equiv), 
THF, 30° c., 2 h 
4» 

SPh 

or 
GO GO 

70Z 
(not isolated) 

PhZSZ (1 equiv), 
THF, s0-90° c., 

20 h 
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O 

SPh 
70E 

Schemejl 

HC1— MeOH, 
CHC13, 

47° c., 27 h 
— —> 

O 

O 

SAr 

68E or,69E 

O 

H3CO)K/\SAr + 
71 (100%, ArSH : thiophenol) 

72 (100%, ArSH : 4-Cl thiophenol) 

OH 
57E (gs-100%) 

10 

20 

25 

35 

40 

45 

50 

55 

60 

65 
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HC1— MeOH, 
CHC13, 

50° (3., 2 d 
— —> 

O 

O 

SPh 
70E 

0 

H3CO)k/\SPh + 
71 (61 %) 

OH 

63E (82%) 

The present invention is directed to phase partitioning 
agents and the use of these agents and their analogs under 
various reactions. Although the invention has been described 
in detail and With reference to speci?c embodiments thereof, 
it Will be apparent to those of ordinary skill in the art that 
various changes and modi?cations can be made therein 
Without departing from the spirit and scope thereof. 
What is claimed is: 
1. A method of separating a desired product from a 

reaction mixture, said method comprising: 
covalently linking a separating agent to a reactant; 
reacting said reactant molecule to form a product, said 

separating agent being attached to said product; 
isomeriZing said separating agent to thereby form a sepa 

rable form of said product; and 
separating said product from said reaction mixture. 
2. The method of claim 1, further including the step of 

cleaving said separating agent from said product to thereby 
form a puri?ed product. 

3. The method of claim 1, Wherein said step of isomer 
iZing is geometrical isomeriZation. 

4. The method of claim 1, Wherein said step of isomer 
iZing is stereoisomeriZation. 

5. The method of claim 1, Wherein said step of isomer 
iZing is structural isomeriZation. 

6. The method of claim 1 Wherein said modi?ed reactant 
molecule may be selectably transferred from one phase (e. g., 
hydrophobic) to another (e.g., hydrophilic) by isomeriZa 
tion. 


